ABSTRACT. Many mammoth remains have been radiocarbon-dated. We present here more than 360140 dates on bones, tusks, molars and soft tissues of mammoths and discuss some issues connected with the evolution of mammoths and their environment: the problem of the last mammoth; mammoth taphonomy; the plant remains and stable isotope records accompanying mammoth fossils; paleoclimate during the time of the mammoths and dating of host sediments. The temporal distribution of the 14C dates of fossils from the northern Eurasian territory is even for the entire period from 40 to 10 ka BP.
INTRODUCTION
Mammoth remains are very valuable objects for the study of Late Quaternary geochronology and paleoecology. The first finds of mammoth remains on northern islands in the Arctic and valleys of the great Siberian rivers drew the attention of scientists to the northern territories more than two centuries ago. The development of the mammoth population is one of the most interesting problems in reconstructing the dynamics of the environment during the Quaternary. The wide use of radiocarbon and paleoecological methods has provided valuable information on these dynamics. Today it is widely accepted that various fossil species of the genus Mammmuthus characterize Late Quaternary periglacial environments.
Since the 14C method was first applied to the age determination of mammoth remains, the main problem has been reliability of the data. Geochemically, the most desirable materials for 14C analysis are well-preserved organic residues, i.e., bones rich in collagen, frozen carcasses, cud, dung or stomach contents from frozen ground or dry caves. In Russia, there are numerous sites from which whole carcasses of fossil mammoths have been dated by 14C (Fig. 1 , Appendix): Yuribey River (Gydan Peninsula), Gydan (Gyda River), Pyasina River (Taimyr Peninsula), Mochovaya River (Taimyr Peninsula), Mammoth Shrenk (Taimyr Peninsula), Chekurovka Settlement (Lower Lena River), Bukovskiy (Lena River), Beryosovka River, Shandrin River, Kirgilyakh River (baby mammoth "Dima"), Lyakhovskiy Bol'shoi Island, Tirekhtyakh River, Enmynveem (Chukotka Peninsula).
It has been established that woolly mammoths spread over a vast area in northern Eurasia in the Late Pleistocene and even into the Holocene. The first 14C measurement of the fossil remains of mammoths was carried out by Heintz and Garutt (1965) . Sulerzhitskij (1995) published more than 180 dates of Late Quaternary mammoths, most of which he had collected and dated himself. Stuart (1991) Earlier we summarized a number of 14C dates on mammoth remains from northern Asia in order to reconstruct permafrost evolution during the last 40 ka (Vasil'chuk 1992) . In addition to that list, we here summarize (Appendix) all the known 14C dates (>360) of mammoth remnants from northern Eurasia, mainly from permafrost areas (Appendix and Fig. 1 ).
One serious concern in using data obtained by dating of mammoth remains is its reliability. The systematic checking of bone data is underway at the Radiocarbon Laboratory of the Geological Institute in Moscow (L. Sulerzhitskij, personal communication) . It is possible to draw some conclusions using the data obtained by multiple analysis of material from the same layer. There are many samples in the Appendix dated by bone material with different degrees of weathering (samples 12,127, 139,156, 246) . The differences in the data are <1000 yr, in most cases within the statistical uncertainty of the dates. In some cases, different materials from the same layers were dated (Appendix, samples 85, 86, 87; 170, 171; 210, 211; 265, 266; 268, 269; 271, 272) . The differences in data are modest and also within the limit of statistical uncertainty. This demonstrates that, in principle, fossils of mammoth fauna can be considered reliable as material for 14C dating. Mammoth bones also occur rather often in western Europe (Kurten 1968) . Berglund et al. (1976) and Hakansson (1976) (Follestad and Olsson 1979) . In Finland, Jungner and Sonninen (1983) and Donner, Jungner and Kurten (1979) (Coope and Lister 1987; Stuart 1991) .
The temporal distribution of mammoth remains (Fig. 2) (Grant 1985) . One problem connected with these phenomena is that mammoths came to the island as a consummate form (Johnson 1978) , but no data exist for the interval 12-8 ka BP. The mammoth refugium must have been disconnected from the continent, otherwise remains of Holocene dwarf mammoths should be found on the continent also. The dwarf form on Arctic islands is a common survival adaptation of large mammalians, such as deer, hippopotamus and elephantids. (Dwarf forms of elephantids lived on some islands of the Mediterranean Sea and on the Channel Islands of California during the Quaternary, with heights of s0.9 m.)
Mammoth Taphonomy
Two aspects of the taphonomy of mammoth remains deserve attention. First, bones occurring in an unarticulated condition, almost without exception, indicate the redeposition of remains, typical of deposits of fluvial origin (such as alluvial, lacustrine, fluvioglacial). Therefore, as a rule the 14C dating of mammoth remains from these sediments gives the maximum age of sediment formation. Inclusion of younger bones in an older frozen deposit is not possible. As for syngenetic sediments of fluvial series, we can state with certainty that their ages are younger or equal to the ages of the enclosed bones. Second, the possible delivery of the bones by carnivores must be kept in mind.
The burial of whole mammoth carcasses is obviously an infrequent process, requiring the coincidence of several conditions. To remain intact, a carcass must be covered with sediments or be isolated from carnivores very quickly. Hence, the best conditions for preserving mammoth remains were offered by talus and alluvial sediments, high icy terraces and thermokarst depressions.
Plant remains in the stomach can be used to establish the season of a mammoth's burial. All the mammoth carcasses found belonged to mammoths that perished in the summertime. Remains of mammoths that perished in the winter may have been destroyed by carnivores. This suggests that an important factor for the preservation of mammoth carcasses is the existence of permafrost conditions, during both fossilization and preservation.
Plant Remains and Pollen Accompanying Mammoth Fossils
The majority of the finds of subfossil mammoths and other large animals in northern Eurasia are connected with polygonal ice wedge complexes. Possibly mammoths' pasturage depended directly on polygonal massifs. Palynological and plant macrofossil analyses have revealed an abundance of herbage in polygonal relief areas.
Pollen grains and plant remains in mammoths' guts (Table 1) indicate the feeding habits of the animals (Sukachev 1914; Solonevich, Tikhomriov and Ukraintseva 1977; Ukraintseva 1979; Sokolov 1982; Shilo et al. 1983; Guthrie 1990 ). The host sediments that enclosed the Kirgilyakh baby mammoth are characterized by the predominance of pollen of herbs and shrubs (60-77%). Pollen of grass and sedges occur in equal quantities (10-25%), and other grasses are represented by 28 families such as Ranunculaceae (2-4%), Cruciferae (4-10%) and Artemisia (up to 4%). There are also pollen of hydrophilous taxa such as Potamogeton, Myriophyllum and Alismataceae. The content of Ericaceae (<2%), which is usually dominant in subfossil pollen spectra, is very small. The presence of larch pollen is evidence of larch forest at that time (Belaya and Kisterova 1978) .
Pollen analyses of mammoths' digestive tracts and host sediments show a predominance of herb pollen or spores, presence of larch pollen (1-5%) and pollen of species that now live in southern areas (e.g., pollen of Ribes, Betula sect Albae), and the existence of typical tundra elements in the vegetation, e.g., Dryas punctata. The pollen and spores spectra showed some regional features, but these were evidence that mammoths lived in environments close to the modern larch forest and forest tundra.
Fossil flora found in the remains of the Yuribeyskiy mammoth (Gorlova 1982) consist of Cyperaceae (9 species), Poaceae (4 species), Salicaceae (3 species), Rosaceae (2 species), Betulaceae, Ericaceae and Pinaceae (1 species each). The present vegetation in the Arctic and the Subarctic is rather similar. However, the presence of macrofossils of Larix sibirica L. and Ribes spp. testifies to more favorable climatic conditions during the era of mammoths.
Naturally, to some extent, the content of the stomach reflects feeding preferences of mammoths. Zaklinskaya studied the pollen content in the Taimyr Peninsula mammoth host sediments. All pollen spectra were characterized by the predominant herb pollen. The main part of the pollen consists of herbs of meadow plant communities of polygonal tundra, with cereals and sedges dominating (Zaklinskaya 1954) . The paleobotanical and palynological data evidenced no sharp changes in the vegetation features, which therefore cannot be a cause of the mammoths' extinction.
One of the details of paleobotanical characteristics was obtained from Selerican horse remains (Belorusova, Lovelius and Ukraintseva 1977; Ukraintseva 1979) . Plant remains are represented by fossils of poplar, birch and mosses. Pollen spectra show a presence of hazel, juniper, spruce and elm in plant societies and Kobresia capilliformis as a dominant of dry meadows. Lister and Sher (1995) pointed out that one problem of the climatic model of extinction is explaining how woolly mammoths survived an earlier interglacial. They proposed that the vegetation of the interglacial differed from that of the Holocene. In Siberia several interglacials have been recorded, but during these intervals, the vegetation differed from the vegetation of the modern larch-dominated taiga. Unfortunately, even now the climate-driven models do not show uniquely the reasons for the extinction of the mammoth population. Undoubtedly, in many cases, human involvement was important (Stuart 1991 (Vasil'chuk 1992). As snow meltwater was the main source of the moisture for ice wedges, the oxygen isotope records reflect mainly winter precipitation temperatures. We have reconstructed the environment in the mammoths' time applying different methods. The oxygen isotope data in ice wedges enabled us to determine that during the interval from 40 to 10 ka BP, mean January temperatures in northern Siberia were ca. 8-12°C lower (in Chukotka up to 17-18°) than the modern ones (Table 2 ). We have established that the interval from 40 to 10 ka BP was a single cryochron (Vasil'chuk 1992 (Vasil'chuk , 1993 with severe winters when the oscillations of temperatures were rather small, thawing was rare and the snow cover, as a rule, quite friable. Such winters permitted mammoths to dig out the grass easily from under the snow. Interpretation of pollen data enabled us to reconstruct the mean July temperatures for the period 40-10 ka BP. They were ca. 1-4°C lower than the contemporary ones (almost 7°C lower in the Chukotka Peninsula). During short periods of warming, the July temperatures could have been by 1-3°C higher than modern ones (Vasil'chuk and Vasil'chuk 1995).
Use of Mammoth Fossils for Dating the Host Sediments
Mammoth remains have been used widely in the dating of host sediments. The high degree of validity of 14C dates of mammoth bones (Sulerzhitskij 1995) , enables us to determine the lower limit of the host sediment age. In several sequences (Duvannyj Yar, Zelyonyj Mys and Kular in northern Yakutia) we have produced a series of 14C dates on different kinds of organic matter-plant remains, peat, roots and wood, and bones. In many cases, the 14C ages of plant remains were younger than the ages of bones from the same layers. For example, the ages of plant remains from Zelyonyj Mys sequences were in the interval from 27 to 37 ka BP and those of bones from the same depth from 43.7 to >50 ka BP (Vasil'chuk 1992) . The same situation occurred in the Duvannyj Yar natural exposure, where the series of 14C dates of plant remains lies in the interval from 40 to 20 ka BP, with three dates of mammoth bones in a normal sequence (28.6, 33.8, 34.7) and two inversion dates of >50 and 53 ka BP (Vasil'chuk 1992) . We received non-inversion dates on tusk (15.1 ka BP) in the Ledovyj Obryv natural exposure in Chukotka, which were between the dates on plant remains of 34 and 14 ka BP (Vasil'chuk 1992) . These data show that the dating of the host sediments by the use of mammoth bones is, in principle, possible; however, redeposition of separate bones is typical and must be taken into account in determining the host sediments' age.
Because whole carcasses are, as a rule, not redeposited, their 14C dates conform better with the age of the host formation. However, there are some exceptions. For example, the Kirgilyakh baby mammoth (which is 14C-dated to 38-41 ka BP) had been redeposited together with frozen host sediments into the younger (14C-dated as Late Holocene) permafrost complex.
Mammoth Fossils and Reconstruction of Environmental Conditions
Some important regularities in the distribution of mammoth fossils appear within the Eurasian territory. First, the temporal distribution of the mammoth remains found in Eurasia is rather even for the whole period from 10 ka BP to the older limit of the 14C method (Fig. 2) . Second, the spatial distribution of dated fossils shows that the southern boundary of the mammoths' distribution is very close to the southern boundary of the ice wedge cast distribution, which is located ca. 45°N (Fig. 1) . It may be assumed that the Late Pleistocene mammoth habitat corresponds to the severe permafrost area characterized by vast polygonal ice wedge landscapes. Third, as no breaks occur in the series of data from northern Asia, the European part of Russia and western Europe including Great Britain, it seems that the mammoths lived everywhere over this vast area. Therefore, the series of 14C dates from 40 to 10 ka BP on mammoth fossils from Scandinavia gives reason for critical evaluation of the scale and dynamics of the Late Pleistocene Glaciation in this region. Mammoth remains in South Sweden (from 13 to >30 ka BP), Norway (from 19 to 32 ka BP), Finland (from 15 to >43 ka BP) and Denmark (from 13 to 32 ka BP) suggest that large parts of Scandinavia were ice-free in Middle and Late Weichselian time (Donner, Jungner and Kurten (1979) reached similar conclusions). 
